Abstract -In situ dielectric spectroscopy at frequencies ranging from 1 to 10 5 Hz was used to study chemical transformations during the heating of cobalt(II) and nickel(II) acrylates from -160 to +400 ° C. On the basis of analysis of the evolution of dielectric relaxation time spectra, processes that correspond to three macroscopic stages in different temperature intervals were distinguished: dehydration, solid-state thermal polymerization, and decarboxylation of metallopolymers. These processes lead to the formation of a polymer matrix that stabilizes nanosized metal or metal oxide phases. In the case of cobalt acrylate, the crosslinking step occurs in a temperature interval other than that of polymerization. It was found that electric conductivity varies over six orders of magnitude upon the formation of the nanosized metal phase.
ISSN 0965-545X, Polymer Science, Ser. A, 2007 , Vol. 49, No. 3, pp. 267-274. © Pleiades Publishing, Ltd., 2007 . Original Russian Text © I.A. Chernov, G.F. Novikov, G.I. Dzhardimalieva, A.D. Pomogailo, 2007 , published in Vysokomolekulyarnye Soedineniya, Ser. A, 2007 1 A characteristic feature of polymers is the existence of different relaxation processes detectable with various dynamic methods [1] . The multiplicity of such transitions is usually referred to the complex chemical structure of polymers. Extensive research for years has put forward the view that, regardless of investigation techniques, the same polymer systems can be characterized by identical relaxation processes [1] . This circumstance opens up wide possibilities that various methods will complement each other. In particular, this concerns the possibility of predicting the relaxation properties of polymers on the basis of dielectric data.
In the last decade, dielectrometry has attracted the attention of many scientists from the viewpoint of studying transformation transitions experienced by a polymer blend during its formation into a final product [2] . Independent measurements of bulk conductivity and dielectric relaxation during polymer formation [2, 3] make it possible to apply dielectrometry to the prediction of the gel point at the initial reaction step [4, 5] , the detection of phase separation induced by chemical reaction [6] (including the microgel formation time [7, 8] above-cited works is the assumption [2] that the intervals of these transitions can be revealed from the corresponding plots of bulk conductivity versus the curing time. An important advantage of this approach is the relatively low cost of experimental devices, since dielectrometry does not require a broad frequency range, in contrast to dielectric spectroscopy.
However, detailed investigation into the nature of transitions during polymer formation, especially under nonisothermal conditions, requires information about changes in the dielectric spectrum ε *( f , T , t ) ( ε * is the complex dielectric permittivity, f is the electric-field frequency, T is the temperature, and t is the relaxation time) over a rather wide frequency range (e.g., see, [2, [9] [10] [11] [12] [13] [14] ). The need for extending the frequency range became evident immediately on passing from model systems to the systems used in practice [12] [13] [14] .
In this study, broadband dielectric spectroscopy has been applied to investigation of the thermal transformations of cobalt and nickel acrylates: ( CH 2 =CH-COO) 2 Co · H 2 O ( 1 ) and ( CH 2 =CH-COO) 2 Ni · H 2 O ( 2 ). As is known, temperature-induced transformations in unsaturated metal carboxylates are a multistage process, which is accompanied by thermal solid-state polymerization and the formation of metallopolymer products [15] [16] [17] [18] . In this context, it seemed interesting to analyze the evolution of the spectra of dielectric relaxation times and to study the molecular kinetic features of the temperature-induced transformations of unsaturated metal carboxylates and the temperatures of their phase transitions leading to the formation of polymer matrix-stabilized nanoparticles of metals or metal oxides.
EXPERIMENTAL
Metal acrylates were prepared via the reaction of freshly synthesized basic metal carbonates with acrylic acid according to a procedure described in [19] . Metal polyacrylates were obtained by the radical polymerization of metal acrylates in ethanol in the presence of AIBN as an initiator (2 wt %) at 70 ° C according to the procedure described in [20] . Nickel(II) polyacrylate (PAA-Ni 2+ ) was synthesized via the polymer-analogous reaction from polyacrylic acid and Ni(II) salt [21] ; the ratio between nickel atoms and monomer units was 1 : 3. Nickel acrylate-styrene copolymers were prepared by the liquid-phase radical copolymerization in ethanol at 70 ° C in the presence of AIBN according to the procedure described in [22] ; the nickel acrylate to styrene molar ratio was 53.2 : 46.8.
Dielectric parameters were measured with a Novocontrol Concept 8 broadband dielectric spectrometer in the frequency range from 1 Hz to 100 kHz and at temperatures varying from -160 to +400 ° C (with an error of ± 0.15°ë ). Test samples for dielectric measurements were prepared as pellets with a diameter of 10 mm and a thickness of 0.4-0.8 mm. As in [2] , experimental data were processed with the software package WinFIT 2.90 (1996) . 2 All X-ray measurements were performed on a Phillips PW 1050 diffractometer ( Cu K α radiation). Electron microscopic studies were carried out on a JEM 1200 EXII (100 kV) transmission electron microscope.
RESULTS AND DISCUSSION

Dehydration
Upon heating to 80 ° C, the frequency plots of exhibits maxima, which disappear upon repeated heating and are practically not displaced with an increase in temperature. Measurements performed at a fixed temperature show that the intensity of the maxima decreases, thus indicating their nonrelaxation nature, a fact that may be due to irreversible changes in polymer matrix during controlled thermolysis. As in [18], we may assume the dehydration reaction, which has been observed earlier in DTA study of these systems [19] . The DTA data showed a mass loss of up to 10% at 90-95 ° C, and calculations revealed a mass loss of up to 15% [23] . The presence of a coordinated water molecule in the composition of the initial metal-containing δ tan monomer was also confirmed by elemental analysis data [19] . Figure 1 presents the imaginary part of the complex dielectric permittivity ε *( T , f ) = ε ' -i ε '' of metal-containing monomer 1 upon heating from 160 to 270 ° C. The sample was gradually heated, and the temperature was fixed at each measurement point. The first curve was recorded at 160 ° C; then, the temperature was increased to 250 ° C with a step size of 5 ° C and to 270 ° C with a step size of 10 ° C. Each line against the frequency axis marks a fixed measurement frequency in the range 1-10 5 Hz, and the outermost lines correspond to 1 and 10 5 Hz. As follows from Fig. 1 , the function ε ''( T , f ) has three well-pronounced maxima P 1 , P 2 , and P 3 , which correspond to the maximum values of ε '' . The maximum positions varied by heating can be characterized by shifting coordinates { T , f }: P 1 {170 : 1} {200; 530} , P 2 {235: 1} {240; 14}, and P 3 {220: 9 × 10 4 } {260; 1}; the directions of shifts are shown in Fig. 1 by dashed lines. In addition to these maxima, there is a transitional region at about 200-225 ° C in which chemical transformations presumably begin.
Thermal Solid-State Polymerization
There are substantial differences in evolution between maxima P 1 and P 3 : the direction of displacement of maximum P 1 along the frequency axis in Fig. 1 with an increase in temperature is consistent with the typical behavior of relaxation maxima, whereas maximum P 3 is shifted to low frequencies with temperature. Figure 2 illustrates changes in the amplitudes of maxima in the ε ''( T , f ) curves. It is reasonable to assume that the formation of low-frequency relaxators with increasing temperature is due to the occurrence of chemical reaction. 3 Figure 3 presents the calculated relaxation time spectra G ( τ ) . As is seen, with an increase in the temperature from 170 to 230 ° C, relaxation time τ m corresponding to the maximum in the G ( τ ) curve is shifted toward lower values and decreases from 10 -1 to 10 -4 s. The area under the curve, which is calculated as the product of its half-width and amplitude, changes nonmonotonically: first, this value decreases to 215 ° C and then increases. This behavior seemingly indicates that the chemical reaction starts at lower temperatures as compared with those corresponding to maximum P 3 , that is, at 205 ° C. This assumption agrees with the results concerning thermal transformations of Co(II) maleate and acrylamide complexes [15, 24] . According
